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(57) Abstract 



A method of manufacturing epitaxial layers of GaN or mixed Ga(Al,In)N on single crystal substrates of GaN or Ga(Al,In)N using 
known methods of epitaxial growth from the liquid or vapor phase, where the substrates are plate-like single crystals of GaN or Ga(A 1 ,In)N 
obtained by the crystallization of the first layer of the substrate from supersaturated nitrogen solution in gallium or GaAlIn solution in the 
temperature range, Ti, of 600-2000 °C, under high pressure of pure nitrogen or nitrogen containing gas mixture. Thereafter the method 
includes crystallization of a second or epitaxial layer on the substrate at a temperature T2 not higher than Tj after decreasing the gas pressure 
by at least of 200 bar until the second layer attains the prescribed thickness. The epitaxial layer is formed on the first layer by Metal 
Organic Chemical Vapor Deposition (MOCVD) or Molecular Beam Epitaxy (MB) and is characterized by a smooth gallium surface on a 
first side and rough nitrogen surface on a second side upon which the epitaxial growth is effected by the known methods. 
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METHOD OF MANUFACTURING EPITAXIAL 
LAYERS OF GaN OR Ga(Al, In)N ON SINGLE 
CRYSTAL GaN AND MIXED Ga(Al,In)N 
SUBSTRATES 



Field of the Invention 

This invention relates to a method of manufacturing of epitaxial 
layers, and in particular to a method of manufacturing epitaxial layers of pure GaN 
or mixed Ga(Al,In) composition on a substrate of single crystal of either GaN or 
Ga(Al, In)R 



Background of the Invention 

At present, the method of fabrication of epitaxial layers of 
Ga(Al,In)N is known, in which AI2O3, SiC or other single crystals are used as 
substrates. The layers are deposited by Metal Organic Chemical Vapor Deposition 
(MOCVD) method which employs trimethyllgallium (013)3 Ga, 
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trimethyllaluminum (CH 3 ) 3 A1 or trimethyllindium (CH 3 ) 3 In as transport agents for 
metal atoms and ammonia as a transport agent for the atoms of nitrogen. 
Hydrogen, nitrogen or their mixture is used as a carrier gas. A typical ratio of the 
reactants, i.e. NH 3 to (CH 3 ) 3 Ga, (CH 3 ) 3 A1 and (CH 3 ) 3 In, is in the proximity of 
8000:1. In the region of the layer-substrate junction, other buffer layers of GaN or 
A1N are deposited in the temperatures much lower than that of the main layer in 
order to reduce the lattice strain. The buffer layers of GaN are deposited in 
temperatures of about 550°C and those of A1N in the temperatures close to 700^C. 
The buffer layers are usually 50 mm thick and are either amorphous or 
polycrystalline. When the deposition of the buffer layer is finished, the temperature 
is raised and the main layer is deposited. The typical temperature of the deposition 
of the main layers of GaN are close to 1025°C. For the layers and crystals of 
mixed GalN composition, these temperatures are slightly higher than those used for 
pure GaN and the temperatures of the deposition of layers and crystals of mixed 
GalnN composition are slightly lower with the deviation depending on the 
percentage of In and Al. 

Due to the lattice misfit and the difference of thermal expansion 
between the substrate and the layer, the epitaxial layers and crystals obtained in 
accordance with the above described method may have high densities of dislocation 
and other lattice defects, deteriorating their electrical and optical properties. 



Objects and Summary of the Invention 

The present invention is directed to a method of manufacturing 
epitaxial layers and crystals of mixed Ga(Al,In)N composition on the substrate of 
single pure GaN or mixed composition Ga(Al,In)N. According to the invention, a 
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plate-like single crystals of GaN or Ga(Al,In)N are obtained by the growth of a first 
layer of the substrate from the supersaturated solution of nitrogen in gallium or 
Ga(Al,In), preferably in the temperature range, Tl, between approximately 600°C 
and 2000°C, under high pressure of a nitrogen or the nitrogen containing gas 
mixture, for approximately at least one hour. Subsequently, the pressure is lowered 
by at least approximately 200 bar and crystallization of a second layer of the 
substrate is grown at a second temperature, T2, not higher than first temperature, 
Tl, until the prescribed thickness of the layer is attained. The second layer has a 
smooth surface on the so called gallium side of the substrate, and rough surface on 
the so called nitrogen side of the substrate. The epitaxial layers are usually grown 
on the so-called nitrogen side of the substrate using known methods such 
Molecular Beam Epitaxy (MBE), Metal Organic Chemical Vapor Deposition 
(MOCVD), or other similar methods. 

An additional aspect of the present invention is the growth of the 
layers or crystals on single crystals of GaN, or on Ga(Al,In)N which has been 
previously cut perpendicularly to c-axis on the second or nitrogen side and 
polished. The epitaxial layers or crystals of Ga(Al,In)N are deposited at a 
temperature between about 750 C and 1200 C under pressure in the range 5 mbar 
to 2 bar using MOCVD or other known methods. In the temperature range from 
approximately about 500-9000C, Molecular Beam Epitaxy (MBE) may be used as 
well, as other related methods. 

It is therefore a general object of the present invention to provide a 
method of manufacturing epitaxial layers of GaN or Ga(Al,In)N on single crystal 
GaN and mixed Ga(Al,In) substrates. 

It is another aspect of the invention to provide a method of 
manufacturing high quality epitaxial layers of GaN or Ga(Al,In)N on single crystal 
GaN and mixed Ga(Al,In) substrates applicable for use in the fabrication of 
optoelectronic devices. 
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Brief Descri ption of the Drawings 

FIG. 1-10 illustrates the simplified design of the high pressure 
apparatus for growth of the nitride crystals according one embodiment of the 
present invention; 

FIG. 2-10 is a schematic illustration of epitaxial growth apparatus 
according to one embodiment of the present invention, 

FIG. 3-10 illustrates a transverse sectional view of the single plate- 
like GaN or mixed Ga(Al,In)N crystal, obtained by growth from supersaturated 
nitrogen solution in gallium or GaAlIn solution in the temperature range 600- 
2000°C under high pressure of nitrogen or nitrogen containing gas mixture; 

FIG. 4a- 10 illustrates a transverse sectional view of the plate as 
illustrated in FIG. 3-10 and shown as grown having a smooth surface and a rough 
surface; 

FIG. 4b- 10 illustrates a transverse sectional view of the plate as in 
FIG. 4a- 10 after polishing of the nitrogen surface. 

FIG. 5-10 demonstrates the way of the cut of the substrate from 

single crystal; 

FIG. 6-10 shows the photoluminescence spectrum in the exciton 

region; 

FIG. 7-10 illustrates a comparison between high energy parts of the 
spectra of the photoluminescence and optical reflection; 

FIG. 8-10 shows the change of the reflection spectrum for various 

temperatures; 

FIG. 9-10 illustrates the dependence of the energy of free exciton 
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versus temperature; 

FIG. 10-10 shows temperature dependence of the 
photoluminescence spectra. 



Detailed Description of the Invention 

The present invention may be described with reference to three 
exemplary methods set forth hereinafter. It is to be noted that the scope of the 
invention is not limited to the three examples and that other methods within the 
scope of the invention may be utilized to yield the desired product. 

Example 1 

FIG. 1-10 illustrates a multilayer high pressure chamber 10 for 
fabricating epitaxial layers of GaN and mixed Ga(Al,In)N crystal on a substrate of 
single crystal GaN or mixed crystal Ga(Al,In)N according to the present invention. 
A single piece or sample 26 of metallic gallium, Ga, is placed in a crucible 12 
having upper end 13 and lower end 15, and which is made of hexagonal boron 
nitride (BN) ceramic which is highly resistant to high temperatures and aggressive 
chemical environments. Crucible 12 is placed in the three-zone furnace 14 designed 
for work at high gas pressures and which allows for the independent control of 
three temperatures. Furnace 14 is located inside multilayer chamber 10, which is 
evacuated to a high vacuum via output 24, and subsequently nitrogen gas is 
pumped in via input 22 until a pressure equal to 10 kbar is attained. Furnace 14 
consists of three temperature zones 16, 18, and 20, each zone including a heating 
spiral which is supplied with electric currents of different values. 

The temperature control system operating through the heating 
spirals in zones 16, 18 and 20 set the temperature T g of zone 18 equal to about 
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1410° C and the temperature Tj of zone 16 equal to about 1350°C. Furnace 14 
with crucible 12 is then placed in high pressure chamber 10. Crucible 12 is placed 
near zone 16 with temperature T<j, and zone 18 with higher temperature T g , such 
that furnace 14 causes a temperature gradient in gallium sample 26. 

Chamber 10 is then filled with nitrogen gas or a gas mixture 
containing a percentage of nitrogen, thus exposing gallium sample 26 to a pressure 
of nitrogen or partial nitrogen pressure. Temperatures T<j and T g are both above 
the melting point of gallium, and the nitrogen pressure is controlled such that the 
gallium sample 26 remains in the form of a liquid solution. Since the temperature 
Tg in zone 18 is lower than the temperature of stable gallium for a given nitrogen 
pressure, such as 10 kbar, a surface reaction occurs which leads to the creation of a 
GaN polycrystalline layer in the region of zone 18. As a result, the contact between 
liquid Ga and nitrogen is terminated. The temperature difference between zone 16 
and zone 18 leads to different solubilities and concentrations of nitrogen in the 
liquid Ga, which in turn, lead to transport of the nitrogen from zone 16 to zone 18. 
As a result, the nitrogen concentration in zone 16 is higher than the equilibrium 
concentration at the lower end 15 of crucible 12 which is at a temperature of 
approximately 1350°C, leading to the supersaturation of nitrogen solution in the 
liquid gallium. Consequently, a bulk crystal 28 of GaN substrate grows and forms 
the first layer of the substrate. 

In the subsequent stage, i.e, the stage of epitaxial growth of the 
crystalline layer, the pressure of nitrogen is advantageously decreased by about 
1000 bar. The equilibrium temperature at this pressure is, therefore, lower than the 
temperature at zone 18 and is higher than the temperature of the GaN stability. 
The GaN surface crystalline layer then decomposes in zone 18 and the nitrogen 
concentration decreases. It is noted that the nitrogen concentration in zone 18 
depends on the gas pressure. Consequently, the supersaturation in zone 16 can 
accordingly be controlled by the change of the gas pressure. This allows for the 
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reduction of the supersaturation in the growth zone and reduction of the growth 
rate as well as additional control over the properties of the new layer. In particular 
the structure of the grown layer is considerably improved in this stage. 

In one embodiment in accordance with the present invention, the 
nitrogen pressure is lowered by about 1000 bar for about one hour. During that 
one hour, the thickness of the layer increases by approximately 10" 3 mm. The 
width of the Bragg peak of x-ray diffraction on the first layer which was grown at a 
faster rate is equal to approximately 28-32 arc sec, whereas for the second layer 
with the slower growth, the Bragg peak of x-ray diffraction for the same structure 
is equal to 20-24 arc sec. 

As illustrated in FIG. 3-10, the GaN crystal 28 obtained in this 
process has a plate-like shape, with two dominant surfaces perpendicular to the c- 
axis of the crystal lattice. The first surface 30 is a smooth, so called gallium side, 
and the opposite surface 32 is rough, so called nitrogen side which consists of 
pyramids, ridges and ribs. 

After etching in aqua regia, the substrate is transferred to an 
MOCVD reactor. The reactor, which is schematically illustrated in FIG. 2-10, 
comprises chamber 100, gas containers 110, 112 for ammonia (NH 3 ) and 
trimehylgallium (TMG), respectively, and pressure gauge 114, and flow mass 
controllers 116. A subsequent epitaxial layer is deposited on the rough side 32 at a 
temperature of approximately 1000°C, using hydrogen, H 2j as a carrier gas and 
with the reactant ratio of NH3 to TMG of approximately 8000: 1 . 

After approximately one hour, the grown epitaxial layer, has 
crystallographic qualities comparable to that of the underlying substrate with a 
density of the dislocation of approximately 10' 5 cnT 2 > and with extremely narrow 
photoluminescence peaks. As illustrated in FIG. 9-10, the reflection spectrum has 
three different dispersion lines related to free exciton energies: Ea = 3,4761 eV, Be 
= 3.4812 eV and Ec = 3.499 eV. These energy values are related to the absence of 
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the stress in the epitaxial layer. A comparison of the photoluminescence and the 
reflection spectra allows for the identification of the free exciton lines in the 
photoluminescence spectrum. The presence of free exciton lines is an indication of 
the remarkable quality of this grown epitaxial layer in accordance with one 
embodiment of the present invention. 

FIG. 8-10 illustrates the change of the reflection spectra related to 
free excitons which can be observed in the temperature range 4.2 - 390 K. The 
temperature range of 4.2 - 390 K as illustrated in FIG. 8-10 characterizes a 
substantially wide temperature range of free exciton lines, which is an additional 
indication of the quality of the grown layer. The dependence of the energy of the 
exciton on the temperature, presented in FIG. 9-10, can be expressed as: 

E = E a ° 081 T 2 
0 T + 2300 



where E Q is the exciton energy extrapolated to a temperature equal to 0 K. The 
exitonic part of the photoluminescence spectrum at temperature 4.2 K is seen in 
FIG. 6-10. 

The temperature dependence of the photoluminescence spectrum is 
presented in FIG. 10-10, where it can be seen that the 3.4646 eV line and the low 
energy structure disappears for the temperatures higher than 40K. On the contrary, 
high energy intensity grows. For the temperature range of 70 - 100K, this line 
decreases dramatically as shown by line B in FIG. 7-10 The low energy part of the 
photoluminescence spectrum consists of narrow line of the energy at about 
3.4646eV and rectangular band in the range of about 3.454 - 3.464 eV. Despite 
the fact that this part is the most distant from the free exciton energy, the 
temperature dependence suggests that it has the lowest activation energy. This part 
of the spectrum has not been observed in the past, but is now observed for the 
layers obtained according to the method of the present invention. 



SUBSTITUTE SHEET (RULE 26) 



WO 97/13891 



9 



PCT/PL96/00017 



Example 2 

A single piece or sample 26 of metallic gallium is placed in crucible 
12 as illustrated in FIG. 1-10, and undergoes the method of the growth described 
hereinabove in the Example 1 until a crystal is obtained having the form of a 
platelet dimensions of approximately 0.5 mm x 2 mm x 2 mm. The width of the 
Bragg peak of this crystal is approximately 28-35 arc sec. The crystal has two 
surfaces, perpendicular to the c-axis of the crystal lattice; the gallium side 30, which 
is substantially smooth, and the nitrogen side 32, which is substantially rough and 
consists of pyramids, ridges, a ribs, as illustrated in FIG. 4a-10. The crystal platelet 
is subsequently polished until it is optically smooth, as shown in FIG. 4b- 10. It is 
then etched in aqua regia and subsequently inserted into an MOCVD reactor 
(shown in FIG. 2-10). A layer of Ga(Al,In)N is deposited on the rough nitrogen 
side 32 at a deposition temperature of approximately 1000°C, and with a reactant 
ratio of NH3 to TMG of approximately 8000:1, with hydrogen used as a carrier 
gas. 

After approximately one hour, the obtained layer has 
crystallographic qualities close to the substrate, with a dislocation density below 
10 5 cm" 2 . The photoluminescence lines are extremely narrow. The main peak 
related to the bound exciton has width smaller than 1 meV. This width is 
substantially smaller than that which has been reported in the prior art to date. 

Example 3 

A single piece or sample of metallic gallium 26 is placed in the 
crucible 12 as illustrated in FIG. 1-10, and undergoes the method of growth 
described hereinabove in Example 1 . Over a period of 50 hours a GaN single 
crystal is obtained having dimensions of approximately 8 mm x 4 mm. The 
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obtained GaN crystal has a polyhedral shape corresponding to the main 
crystallographic axes of the wurtzite structure. One of the surfaces of the crystal is 
the nitrogen side 32 as illustrated in FIG. 4a- 10, and is perpendicular to the c-axis 
of the crystal lattice. The GaN crystal is then cut at 33 as illustrated in FIG. 5-10, 
into small plates or wafers perpendicular to the c-axis of the crystal lattice. 
Subsequently these plates or wafers are polished on the nitrogen side 32, and the 
layers are then deposited on each of the plates using the method described 
hereinabove in Example 2. 

Thus, while there have been shown and described and pointed out 
fundamental novel features of the invention as applied to preferred embodiments 
thereof, it will be understood that various omissions and substitutions and changes 
in the form and details of the disclosed invention may be made by those skilled in 
the art without departing from the spirt of the invention. It is the intention, 
therefore, to be limited only as indicated by the scope of the claims appended 
> hereto. It is to be understood that the drawings are not necessarily drawn to scale, 
but that they are merely conceptual in nature. 
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Claims: 

1. A method of depositing an epitaxial layer of pure GaN or mixed 
Ga(Al,In)N on a substrate selected from the group consisting of GaN or mixed 
Ga(Al,In)N in the vapor or liquid phase, the method comprising the steps of: 

forming a substrate of single crystals selected from the group consisting of 
GaN or Ga(Al, In)N, from a supersaturated solution of nitrogen in a liquid selected 
from the group consisting of Ga, Al or In, wherein said supersaturated solution has 
a temperature in the range of about 600-2000 C, and wherein said substrate forms 
under a high pressure nitrogen or nitrogen containing gas, said substrate having a 
first side and a second side, said first side being a gallium side and having a smooth 
surface, said second side being a nitrogen side and having a rough surface; and 

growing an epitaxial layer of a material selected from the group consisting 
of GaN or Ga(Al, In)N on said nitrogen side of said substrate. 

2. The method according to claim 1, further comprising the step of 
polishing said rough surface of said nitrogen side of said substrate before growing 
said epitaxial layer on said nitrogen side. 

3. The method according to claims 1, wherein prior to said growing step, 
the method further comprises the step of cutting from said substrate a wafer 
perpendicular to the crystallographic c-axis and polishing said nitrogen side of said 
wafer. 

4. The method according to claims 1, 2, and 3 in which said step of 
growing said epitaxial layer is effected by Metal Organic Chemical Vapor 
Deposition (MOCVD) at a temperature in the range of about 750-1200°C under a 
pressure not lower than about 5 mbar and not higher than 2 bar. 

5. The method according to claims 1, 2 and 3, in which the step of growing 
said epitaxial layer is effected by Molecular Beam Epitaxy (MBE) in the 
temperature range between 500-900°C. 
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